It has been widely demonstrated that the dialysate sodium concentration plays an important role in maintaining cardiovascular stability during dialysis. Sodium concentrations in replacement fluids in hemofiltration and hemodiafiltration are also important in order to achieve a correct sodium balance. Therefore it is necessary to clearly define the kinetics of this electrolyte during dialysis, starting from the measurement methods. Since sodium in blood, dialysate and replacement fluids can be measured by various methods, confusion may arise when it is not clear which sodium is referred to. This is even more important in relation to mathematical models developed to calculate the kinetics of sodium during dialysis.
Sodium concentrations in blood, ultrafi/trate and dialysate
Measurements of sodium concentration in plasma by flame photometry refer to the total sodium in whole plasma (NaT). Actually, on account of the presence of proteins and lipids in plasma, the sodium is distributed in the plasma water volume. To obtain the plasma water sodium concentration (NaP), the plasma concentration may be corrected only for the volume occupied by proteins, using different formulas (1-3), the lipid concentration being negligible. But in plasma water the anions, depending on their concentrations and on the blood pH, bind an amount of sodium that therefore is not ionically active. By direct potentiometry (4) we can measure the ionized sodium concentration (NaP+) directly in plasma water, that is, the ionically active concentration of sodium. Usually NaP is about 9 mEq/1 higher than NaT and the complexed sodium is about 7 mEq/1 so that NaP+ is about 7 mEq/1 lower than NaP and about 2 mEq/1 higher than NaT (4) .
Similarly, measuring the sodium concentration in the ultrafiltrate by flame photometry refers to the total sodium in the whole ultrafiltrate volume (NaUF). The ultrafiltrate being protein-and lipid-free, there is no need for correction. As in plasma water, we must take into account the amount of sodium complexed with anions to obtain the ionized sodium concentration in the ultrafiltrate (NaUF+), that can be measured by direct potentiometry (4) . Usually the complexed sodium in the ultrafiltrate is about 6 mEq/1 and hence NaUF+ is normally about 6 mEq/llower than NaUF (4). In the dialysate too, we can measure the total sodium concentration (NaD) by flame photometry and the ionized sodium concentration (NaD+) by direct potentiometry. Usually the complexed sodium in the dialysate is about 4 mEq/1 and hence NaD+ is about 4 mEq/llower than NaD.
Lack of awareness of these relations when switching from flame photometry to direct potentiometry for sodium measurement will indicate, wrongly, that the dialysate sodium concentration should be increased by 6 mEq/1 in order to maintain the same blooddialysate concentration gradient. In fact, when using direct potentiometry the sodium concentration in plasma water will be 2 mEq/1 higher than plasma sodium measured by flame photometry, whereas in the dialysate the same sodium concentration will be 4 mEq/1 lower. Figure 1 shows the relations between NaT, NaP and NaP+ (assuming that NaT= 140 mEq/1 and plasma proteins = 7 g/dl), between NaUF and NaUF+, and between NaD and NaD+. NaP is calculated from Waugh's formula (1) .
Sodium able to cross dialysis membranes
The sodium concentration found in the ultrafiltrate should be considered as the concentration able to cross the membrane and therefore the concentration available for diffusion. Sodium concentration in the ultrafiltrate is lower than in plasma water undergoing ultrafiltration (5) (6) (7) (8) (9) . This is also true for ionized sodium (4) and is due to the Donnan effect (10) . In fact during ultrafiltration some cations must be retained in the blood to counterbalance the negative charges of the plasma proteins not able to cross the dialysis mem- Choosing the right dialysate sodium concentration NaP 145 Fig. 1 -Relations between total plasma sodium (NaT), plasma water sodium (NaP) and ionized sodium (NaP+) concentrations in blood, between total sodium (NaUF) and ionized sodium (NaUP+) concentrations in ultrafiltrate, between total sodium (NaD) and ionized sodium (NaD+) concentrations in dialysate.
The aim of each dialysis session, as regards sodium and water, is to exactly remove the interdialytic load. Whereas water load, expressed as body weight gain, can be precisely balanced by intradialytic ultrafiltra-. tion, sodium removal hardly matches the intersession sodium loading, because of the difficulty of measuring sodium intake and sodium output. When sodium removal by diffusion is excessive, fluid shifts from the extracellular to the intracellular compartment occur, according to an osmotic gradient. These changes in body fluid compartments, induced by "hyponatric" dialysis, are considered responsible for multiple symptoms including fatigue, "washed out" feeling, muscle cramps, hypotension and neurological symptoms. By using higher dialysate sodium concentrations the incidence of such symptoms can be reduced (13) (14) (15) (16) (17) (18) (19) . On the other hand, inadequate sodium removal may favor the appearance of hypertension, cardiac failure and pulmonary edema (20) (21) (22) .
Since the interdialytic sodium and water load varies from one uremic patient to another, it must be corrected individually by adjusting the dialysate sodium concentration.
The sodium available for diffusion being the plasma water concentration corrected for the Donnan factor, this is the concentration to use in the dialysate to avoid diffusion fluxes (23, 24) . Using this "isonatric" dialysate and not applying ultrafiltration, the net sodium balance during dialysis will be zero and the plasma water sodium concentration will remain unchanged. Applying ultrafiltration, the net sodium balance is obtained by the ultrafiltrable sodium concentration times the total amount of water removed and the plasma water sodium concentration will rise during dialysis due to the effect of ultrafiltration.
We found that the sodium gradient between plasma water and dialysate that avoids changes in plasma water sodium concentration was 5.28 mEq/1 (8, 9) , which roughly corresponds to the difference between plasma water concentration and ultrafiltrate concentration. Using a dialysate sodium concentration equal to the plasma water concentration not corrected for the Donnan factor, plasma water concentration will ri-NaD NaUF 135 140 branes. As a consequence the ultrafiltrate is hyponatric compared with plasma water, and the plasma water sodium concentration (both total and ionized) Will rise during ultrafiltration (4) .
The concentration available for diffusion can be calculated from the plasma water sodium concentration and plasma protein concentration, taking into account the net cation equivalence of proteins (11, 12) . It can be measured directly in the ultrafiltrate, and the concentration ratio ultrafiltrate/plasma water gives the Donnan factor value (8, 9, 13) .
If we measure the plasma sodium concentration by flame photometry we have to calculate the plasma water concentration (to take into account the volume occupied by the proteins) and then correct for the Donnan factor (due to' the negative charges of the proteins) to obtain the sodium concentration available for diffusion. When the ionized sodium is measured, which is done directly in plasma water, we only have to correct for the Donnan factor to obtain the ionized sodium concentration available for diffusion. se about 2.5 mEq/l (8, 9) , suggesting that this dialysate is to be considered "hypernatric".
Once the "isonatric" dialysate has been defined, the dialysate sodium concentration that best suits the patient's needs can be chosen, managing the dialysate like a drug (23) . Clinical results suggest that morbidity can be significantly reduced by tailoring sodium and water removal individually during dialysis in order to match interdialytic loading and maintain an adequate plasma sodium concentration (3) . A "pharmacologically low" dialysate can be used to make the patient lose sodium by diffusion, for example when the programmed ultrafiltration is not enough to remove the amount of sodium accumulated. However, more frequently, a "pharmacologically high" dialysate sodium concentration is needed, to avoid excessive sodium loss by ultrafiltration and to prevent cardiovascular instability.
CONCLUSIONS
Tolerance of the high ultrafiltration rate needed to achieve the dry body weight completely correcting the
